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Sex is determined at fertilization when the maternal and paternal haploid genomes combine to form the embryo.  In humans the male determines the sex of the offspring.  During spermatocytogenesis, one diploid XY spermatogonium undergoes a series of mitotic and meiotic divisions to yield 128 X-bearing sperm and 128 Y-bearing sperm, assuming 100% spermatogenic efficiency.  If there is no preferential survival of X- versus Y-bearing sperm during spermatogenesis, the proportion of X- vs. Y-bearing sperm produced by the testes should be equal and, when subsequently presented to the female, those sperm should have an equal chance of fertilizing an oocyte to result in either a female or a male embryo.  Thus, the chances of a male or female are 50:50 for each conception and the sex of previous babies has no effect on that likelihood.

Choosing the child's sex before birth can be effected before conception, after conception but before implantation in the uterus, and after implantation but before delivery.  Preconception sex selection involves manipulating the proportion of X- or Y-bearing sperm to the point of meaningfully increasing the probability that a sperm carrying the desired sex chromosome will fertilize the egg.  

Flow cytometric sorting of sperm to recover enriched X- and Y chromosome bearing sub-populations is the only preconception method of sex selection having a solid scientific basis and whose results can be validated by modern molecular techniques such as fluorescence in situ hybridization (FISH) or by birth results.  The flow cytometer utilizes a laser to cause sperm stained with a DNA-specific dye to fluoresce.  Differences in the amount of fluorescence emitted by stained sperm allows for discrimination between the X- and Y-bearing sperm.  In mammals the X chromosome is larger and contains more DNA than the Y chromosome (1, 2); 

in the human the X-bearing sperm have 2.8% more total DNA (3, 4) than Y-bearing sperm.  Thus, when stained with a DNA-specific fluorochrome, the fluorescent signal emitted by an X-bearing sperm is greater than that emitted by a Y-bearing sperm.  

Flow cytometric sorting of sperm for sex selection was pioneered by Johnson and colleagues (5, 6, 7, 8, 9) at the United States Department of Agriculture (USDA) Agriculture Research Station at Beltsville, MD.  Work done at the Genetics a& IVF Institute (GIVF; 3, 10) resulted in the birth of babies resulting from the use of flow cytometrically separated human sperm for IUI, IVF, and from ICSI (11). 

In 1992 the USDA granted GIVF an exclusive license to apply technology for development and use in humans.  Institutional review board-approved clinical studies were initiated in 1993 for couples at risk for having children with X-linked disease and were expanded in 1995 to offer family balancing.  In 2000 an Investigational Device Exemption was approved by the FDA for GIVF to continue to conduct a clinical trial of safety and efficacy of the MicroSort® Sperm Separation Technology.  To date, over 400 babies have been born after using MicroSort® to sort fresh or frozen sperm into enriched X- and Y bearing sperm populations for use in IUI, IVF and ICSI

Fresh or Frozen-thawed semen is evaluated for quality then processed to recover motile sperm and to remove undesirable seminal components.  Semen quality is re-evaluated after processing and then stained for 1 hour at 35ºC with Hoechst 33342 at a final concentration of 9µM as previously described (3).

The accurate detection of differences in fluorescent signal intensity between the X and Y 

bearing sperm is critical to successful flow cytometric sperm sorting.  Major factors affecting the fluorescent signals are sperm head shape, degree of sperm head polymorphism, and the difference in DNA content between X-and Y-bearing sperm.  Sperm head morphology and the nature of chromatin packaging result in a brighter fluorescent signal being emitted by the edge vs. the flat aspect of the sperm head, making head orientation relative to the excitation light crucial in sperm analysis and sorting (12). 

As sperm move through the flow cytometer, sperm head orientation is random, so only approximately 10% are appropriately oriented for accurate analysis of DNA content and sorting.  The effects of sperm orientation, coupled with other factors, result in less than 1% of available sperm actually being recovered after 4 hours of sorting.

The rate of analysis, and thus the rate at which sorted sperm are collected, depends upon instrumentation limitations and specimen quality.  With currently available flow cytometric technology human sperm may be analyzed at a rate of 3,000-3,500 cells per second and sorted at a rate of 20-25 cells per second.  At the conclusion of sorting, a sample of sorted sperm is evaluated for motility, progression, and the degree of enrichment in X- or Y-bearing sperm (post-sort purity) using fluorescence in situ hybridization (FISH).  Sorted sperm are then utilized fresh for IUI or IVF/ICSI or are cryopreserved for future IVF/ICSI use.

The recipients of MicroSort® sorted sperm are clinical trial participants: married couples meeting inclusion criteria and who have sought reduced genetic disease risk or balanced sex distribution among their children (family balancing).  Qualified couples with infertility undergoing IVF that desired participation have also been included.  As part of the informed

consent, clinical trial participants agree to provide birth and pediatric records (through the first year of life) for babies born using MicroSort® sperm.  These records are reviewed by two board-certified medical geneticists who record any major or minor malformations.

As of December 31, 2002, 1530 couples had enrolled in the MicroSort® clinical trial; 90% of participants sought family balancing and 10% wished to avoid a sex-linked genetic disease.  The majority of participants desired a girl (97% for genetic disease avoidance and 71% for family balancing).  Of the 2570 total sorts performed, 73.3% were used for intrauterine insemination (IUI) and 26.6% were used for in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI).

Results of sex outcome are shown in Table 1 for post-sort FISH results, PGD analysis of embryos arising from the use of MicroSort® sperm, and for fetuses/babies born from MicroSort sperm.  The post sort purity-, PGD- and fetal/baby sex results are in close agreement and show that MicroSort® results in a meaningful, verifiable shift in the X:Y ratio in the sorted sperm population used for insemination (n=2570 sorts).  The expression of that shift persists in the sex of resultant embryos (n=908 embryos biopsied) and in the sex of the babies (n=387), either born or whose sex was determined in utero.

MicroSort® IUI results are summarized in Table 2.  At the current time IUIs are only performed at MicroSort® sites in Fairfax, Virginia and Laguna Hills, California.  The overall per-cycle IUI pregnancy rate (n=1824) was 14.9% and was achieved after inseminating an average of 169,000 motile sperm.  When the number of MicroSort® sperm inseminated was increased from ~65,000 to 200,000-400,000 motile sperm, the per-cycle IUI pregnancy rate

 increased from 7.2%(n=152) to a consistent 18-20% (n=788).  Investigations of inseminating more than 450,000 motile MicroSort® sperm have been limited by sorting time constraints.  The chances of pregnancy remain consistent across consecutive multiple (4 or more) IUI cycles (n=1678) provided increasingly aggressive ovarian stimulation is undertaken.  The IUI spontaneous clinical abortion rate cycles increased with increasing patient age, but overall it was consistent with the 15-20% loss rate exhibited by the general population (13).

A total of 683 IVF/ICSI cycles have been performed both at the Fairfax, VA site and by collaborating physicians across the United States, in Europe, and in Africa.  The cycles for which gamete data is available (n=556) resulted in a 65.9% fertilization rate (3,716/5,639) and a 94.5% (3231/3418) cleavage rate.  Pregnancy results for IVF/ICSI cycles for which such data is available (n=502) are summarized in Table 3.  The IVF/ICSI pregnancy rates decreased with increased patient age and are comparable with the most recent CDC (14) results for ART procedures.  The pregnancy rate for frozen embryo transfers was 34% per cycle (n=50).  The IVF/ICSI spontaneous abortion rate, like that for the MicroSort® IUI cycles, increases with patient age and is consistent with that for the general population (13)

The safety of the MicroSort® process can be evaluated by examining the effects on sperm functional competence, fertilization and cleavage rates, IUI and IVF/ICSI pregnancy rates, spontaneous abortion rates, and rates of congenital malformation.  In raw semen, an average of 192 x 106 total motile sperm with an average motility grade 2.4 (0-4 scale; 0=no sperm movement, 4=hyperactivated movement) yielded an average of 167.9 x 103 motile sperm with grade 2.5 motility post-sort.  Inefficiencies inherent to sperm sorting account for the reduction in motile sperm numbers in the post-sort vs unsorted specimens.  Sperm motility grade appears

 to be unaffected, by sorting compared to the pre-sorted but prepared sample. For IUIs, the per-cycle pregnancy rate (14.9%) is comparable to that reported in the literature and is accomplished after inseminating less than 1% of the desired 10 x 106 (or more) sperm usually deposited when therapeutic IUI is performed.  The functional competence of MicroSort® sperm is further demonstrated through the IVF/ICSI results presented above in terms of fertilization rates (65.9%), cleavage rates (94.5%), pregnancy rates for both fresh transfers (33.7% overall) and frozen transfers (34.0%), and the spontaneous loss rate (17.2%).  An ongoing review of the current malformation rate shows that the observed number of major malformations and minor malformations among all the babies born (n=306) for whom complete birth records are available is 7 (2.29%) and 7 (2.29%), respectively.  The exact upper 95% confidence bound for these proportions is 4.25%.  This indicates that the true major and minor malformation rates for babies born resulting from the use of MicroSort® sperm is no greater than 4.25%, which is consistent with the 4% rate estimated for all combined major congenital malformations in a general population of newborns (15).  

Flow cytometric sex selection with MicroSort® results in a verifiable and biologically meaningful shift in the ratio of X- and Y-bearing sperm that retain their functional competence and result in an increased likelihood of conceiving and delivering a healthy baby of the desired sex.  This pre-conception method results in a shift in the ratio of X- and Y-bearing sperm from the expected 50:50 to 87.6% for XSORT and 69.3% for YSORT, as verified by FISH analysis of the sorted sperm.  PGD results and fetal/baby sex results are consistent with the shift in X- and Y-bearing sperm incidence, showing that MicroSort® does have a meaningful positive impact the likelihood of having a baby of the desired sex.  The malformation rate for babies born from the use of MicroSort® sperm is consistent with that of the general population.

In addition to prenatal testing during early pregnancy, with the advent of MicroSort®

flow cytometric sperm separation and preimplantation genetic diagnosis, couples now have additional scientifically verifiable options for gender selection.
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Table 1.  MicroSort® Efficacy Results: Outcomes After Sorting for X- or Y bearing sperm 


XSORT1

YSORT1


Post-Sort Purity

87.6%
X n=2015
69.3%  Y n=555

Embryo Sex (PGD)

89.1%
♀  n=385
63.7%
♂  n=523

Baby Sex


90.8%  ♀  n=336
76.5% ♂   n=51

1XSORT, YSORT:
Enriches specimen with X-bearing or Y-bearing sperm, respectively, to increase chances of having a female or a male baby, respectively.
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Table 2.  MicroSort® Efficacy Results:  IUI Clinical Pregnancy and Spontaneous Loss (SAB) Rates by Female Age

Age  

Pregnancy Rate

SAB Rate

<30

18.5%    (35/189)

  5.7%  (2/35)


30-34

15.4%    (105/681)

12.4%  (13/105


35-39

14.6%    (119/816)

18.5%  (22/119)


≥40

   8.7%   (12/138)

33.3%  (4/12)


Overall

14.9%   (271/1824)

15.1%  (41/271)

________________________________________________________________________

Table 3.  MicroSort® Efficacy Results:  IVF/ICSI Clinical Pregnancy Rate and Spontaneous Loss (SAB)1 Rates by Female age

Age  

Pregnancy Rate

SAB Rate1

<30

47.0%    (47/100)

20.0%  (11/55)


30-34

36.0%    (54/150)

12.1%   (7/58)


35-39

29.5%    (54/183)

16.9%  (10/59)


≥40

16.1%     (9/56)

33.3%    (3/9)

egg age unknown
38.5%     (5/13)

20.0%    (1/5)


Overall

33.7%    (169/502)

17.2%  (32/186)

1 Combined fresh- and frozen transfer data

